The entire genomic sequences of two strains (Hypr and 263) of the flavivirus tick-borne encephalitis (TBE) virus differing in virulence from the prototypic strain Neudoerfl were determined. Strain Hypr is a human isolate of TBE virus with a high laboratory passage history which exhibits a significantly higher neuroinvasiveness in mice compared to the prototype strain. Strain 263 is a low-passage tick-isolate with a temperature-sensitive and attenuated phenotype. Except for the heterogeneous 3' non-coding regions strains Hypr and 263 share, respectively, 97.2 % and 97-6% nucleotide sequence identity with strain Neudoerfl, and differ by a total of 42 and 36 amino acids from the prototypic strain. Of these, only 12 amino acids for each of the two strains represent non-conservative differences unique to an individual strain and some of these are located at positions highly conserved among flaviviruses. Based on these observations, the potential biological significance of particular sequence differences is discussed in the context of the current knowledge about molecular determinants of flavivirus virulence.
Introduction
Flaviviruses, a genus of the family Flaviviridae (Wengler et al., 1995) , are a group of approximately 70 recognized virus species including a number of important human disease agents, such as yellow fever (YF) virus, Japanese encephalitis (JE) virus, the four serotypes of dengue (DEN 1-4) viruses and tick-borne encephalitis (TBE) virus (Calisher et al., 1989; Westaway et al., 1985) . Because of their tremendous impact as human pathogens endemic in many parts of the world, understanding the biology of flaviviruses and the control of flaviviral infections has always been a major focus of virological research. The first flavivirus vaccine, based on an attenuated strain of YF virus, was developed as early as 1937 (Theiler & Smith, 1937) . Nevertheless, flavivirus infections continue to be a considerable world-wide health problem and there is a large demand for novel strategies to prevent and control these diseases.
Rational approaches towards the development of new live vaccines require a detailed understanding of viral determinants of pathogenicity and the mechanisms that * Author for correspondence. Fax +43 1 406 21 61.
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alter the virulence of flaviviruses. The basic information needed for such a molecular understanding can be provided in part by the determination and comparison of genome sequences of virus strains exhibiting different pathogenic properties.
The flaviviral genome consists of an approximately 11-kb-long positive-stranded RNA molecule containing a single long open reading frame (ORF) and short flanking non-coding regions (NCRs) (for review see Chambers et al., 1990) . The polyprotein encoded by the long ORF is co-and post-translationally cleaved to yield three structural proteins (the capsid protein C, the small membrane protein M, which is derived by a furinmediated cleavage from its glycosylated precursor protein prM, and the large envelope glycoprotein E), and seven non-structural proteins (the glycoprotein NS1, NS2A, the protease component NS2B, the protease/ helicase NS3, NS4A, NS4B and the polymerase NS5). Genomic sequence data from a growing number of flaviviruses have become available during the past several years (summarized in Wengler et al., 1995) .
Among the available genomic sequences a considerable number were derived from pairs of ftavivirus strains with distinct virulence properties including strains that had been attenuated by passaging in laboratory animals or cell tissue cultures (Hahn et al., 1987; Lobigs et al., 1990; Nitayaphan et al., 1990; Aihara et al., 1991; Blok et al., 1992; Jennings et al., 1993; Leblois & Young, 1993; Jennings et al., 1994; Kaluzova et al., 1994; Ni et al., 1994 Ni et al., , 1995 dos Santos et al., 1995; McMinn et al., 1995b) ; others were obtained by selecting mutants that escaped neutralization by monoclonal antibodies (MAbs) Cecilia & Gould, 1991; Hasegawa et al., 1992; Jiang et al., 1993 ; McMinn et al., 1995a) . In one case, a neurovirulent revertant of the yellow fever vaccine strain isolated from a vaccinated child was sequenced (Jennings et al., 1994) . Using infectious cDNA clones the pathogenicity of flaviviruses has, more recently, also been specifically modified by genetic manipulations (Lai et al., 1992; Pletnev et al., 1993; Kawano et al., 1993; Cahour et al., 1995; Sumiyoshi et al., 1995) . All these studies have revealed a large variety of molecular determinants of virulence within the flavivirus genome and it appears that attenuating mutations may be localized not only in various parts of the coding region, but also within the short flanking non-coding sequences.
Most of the information concerning the role of individual viral proteins in determining virulence has been gained for the major structural protein of flaviviruses, the envelope protein E. This protein mediates many crucial functions of the viral life cycle including recognition of the cellular receptor and acid-induced fusion of the viral membrane with the membrane of the cellular endosome (reviewed by Heinz & Roehrig, 1990) . The recent elucidation of the three-dimensional structure of the TBE virus E protein by X-ray crystallography has contributed significantly to our understanding of the structural and functional basis of attenuating mutations within this protein (Rey et al., 1995) .
TBE virus is endemic in many parts of Central and Eastern Europe and Asia, causing thousands of cases of severe neurological illness every year (Monath, 1990) . It is the most prominent representative of a relatively small group of closely related flaviviruses which are transmitted by ticks to their vertebrate hosts, in contrast to most other flaviviruses which are mosquito-borne (Wengler et al., 1995) . The genomes of tick-borne flaviviruses, although exhibiting the same general organization as their mosquito-borne relatives, contain some differences within the 3' NCRs . The 3' NCRs of strains of TBE virus were recently found to be much more heterogeneous in length than has been reported for any other flavivirus (Wallner et al., 1995) .
In order to establish a basis for the identification of further determinants of virulence of tick-borne flaviviruses or even flaviviruses in general, we have now investigated two strains of TBE virus that vary markedly in virulence from the prototypic strain Neudoerft. First, strain Hypr, which was isolated in 1953 from the blood of a 10-year-old child with TBE in Czechoslovakia, and which exhibits a significantly more virulent phenotype in the mouse model than TBE virus strain Neudoerfl. Secondly, strain 263, which was isolated from a tick in south Bohemia in 1987 (Kopecks) et al., 1991 and apparently represents a natural low-virulence isolate of TBE virus. In this paper we present data on the biological and antigenic characterization of these two strains and report their entire genomic sequences. Based on the current knowledge about molecular determinants of flavivirus virulence, the sequence differences between these strains and strain Neudoerfl are discussed and evaluated with respect to their potential importance for the biology of TBE virus.
Methods
Virus strains and virus production. TBE virus Western subtype prototypic strain Neudoerft was originally isolated from a tick in Burgenland, Austria in 1971, and has been characterized extensively, including the elucidation of its complete genome sequence (GenBank accession no. U27495) and the determination of the three-dimensional structure of its surface glycoprotein E (Rey et al., 1995) . TBE virus strain 263 (kindly provided by E. Tomkovfi and J. KopeckS, Institute of Parasitology, Ceskd Buddjovice, Czech Republic) was isolated from a group of ticks collected in South Bohemia in 1987 (Kopeck} et al., 1991) . Strain 263 was plaque purified and, as is also the case for strain Neudoerfl, passaged only three times by infecting suckling mice intracranially. TBE virus strain Hypr was isolated from the blood of a diseased 10-year-old child in Moravia, Czechoslovakia, in 1953. This strain has been propagated through numerous suckling mouse brain passages.
Purified virus preparations were generated by infecting primary cultures of chick embryo cells with suckling mouse brain suspensions from each of the three strains. Virus was harvested, concentrated by ultracentrifugation, and purified by two sequential gradient centrifugations as described previously (Heinz & Kunz, 1981) .
Virulence tests. The virulence characteristics of the TBE virus strains were assessed by infecting groups of 20 g Swiss Albino mice by either intracerebral or subcutaneous inoculation with doses of 10 or 100 p.f.u. of each strain. Survival of mice was observed and recorded daily for a period of 28 days post-infection.
Antigenic structure. The antigenic structures of the virus strains were compared by using a panel of protein E-specific MAbs which have been characterized extensively (Mandl et al., 1989a; Holzmann et al., 1995) . Binding of MAbs to virus was tested in a previously described threelayer ELISA (Heinz et al., 1983) in which purified virus preparations were coated onto mierotitre plates at a standardized concentration of 1 pg/ml.
Plaque morphology, temperature and pH sensitivity. Plaque tests were performed on porcine kidney (PS) cells as described previously (Heinz et al., 1994) . Cells were infected with serial 10-fold dilutions of suckling mouse brain suspensions and incubated at either 37 °C or 40 °C.
The pl-t threshold of the transition of the E protein into its low-pH conformation was determined in a four-layer ELISA system as described elsewhere (Allison et al., 1995) . This test takes advantage of MAb i2, which is specific for a pH-dependent conformational epitope on protein E.
Genorne sequence analysis. Genomic RNA was isolated from purified virus suspensions by phenol-chloroform extractions • and ethanol precipitation as described previously (Mandl et al., 1988) . Approximately 1 lag of this RNA was then transcribed into double-stranded eDNA using random hexanucleotide primers and AMV reverse transcriptase following the protocols supplied by the manufacturer (Boehringer Mannheim). The cDNA was digested with one of a set of frequently cutting restriction enzymes, such as AluI, RsaI and HaeIII, and ligated into the phagemid Bluescript KS(+) (Stratagene). In addition, cDNA fragments representing specific genomic regions were prepared by PCR using primers derived from the previously determined sequence of TBE virus strain Neudoerfl (Mandl et al., 1988 (Mandl et al., , 1989b . cDNA corresponding to the 5' end of the genome was obtained by the RNA 5'-3' ligation method described previously (Mandl et al., 1991 a) ; the elucidation of the Y-terminal genomic sequences has been reported (Mandl et al., 1991 b; Wallner et al., 1995) .
Sequencing was generally performed with an automated ABI 370A DNA sequencer using Taq polymerase and fluorescent-dye-labelled dideoxy terminators following protocols provided by the manufacturer (Perkin Elmer, ABI). Sequencing templates were either double-stranded phagemid preparations purified with the Wizard MiniPrep System (Promega) or fragments obtained directly by PCR without further cloning prior to sequence analysis. Sequencing primers were either the generic M 13 and reverse primers or 20-met oligonucleotides synthesized (Medprobe, Norway) according to the known sequence of TBE virus strain Neudoerfl or previously determined strain-specific nucleotide sequences. Every sequence was determined from both strands of the cDNA and, at least where cloned cDNA was analysed, from two or more independently generated cDNA fragments.
Sequence comparisons and percentage identity calculations were performed using the Microgenie software package, version 4.0 (Beckman).
Results

Virulence characteristics
The differences in neurovirulence and neuroinvasiveness between TBE virus strains 263, Hypr and Neudoerfl are shown in Fig. I . Peripheral inoculation of mice with 100 p.f.u, of each strain (Fig. 1 a) revealed significant differences in neuroinvasiveness between the strains: 60% of the mice inoculated with strain 263, but only 20% of those inoculated with strains Hypr or Neudoerfl survived infection. Moreover, killing by strain Hypr was significantly faster than by strain Neudoerfl (mean survival time 10.3 versus 16.6 days), whereas killing by strain 263 was somewhat slower (mean survival time 17.5 days). Very similar results were obtained when only 10 p.f.u. was injected subcutaneously (data not shown).
In contrast, the neurovirulence as determined by intracranial inoculation of 100 p.f.u. (Fig. 1 b) or 10 p.f.u. (data not shown) was similar for all three strains. Regardless of the dose applied (10 or 100 p.f.u.) all the mice were killed by all three strains. However, subtle differences were detected with respect to the mean survival times, which again were longer for strain 263 (10"6 days) than for strain Neudoerfl (9.1 days) and shortest for strain Hypr (8'3 days).
In conclusion, these experiments demonstrated that strain Hypr is more virulent than the prototype strain Neudoerfl, whereas strain 263 exhibits an attenuated phenotype. These differences in virulence are quite pronounced with respect to neuroinvasiveness, but only subtle differences are observed when the viruses are injected directly into mouse brains.
Antigenic characterization
We wanted to characterize strains 263 and Hypr in more detail before sequence analysis and assess their relationships to prototype strain Neudoerfl by comparing the antigenic structures of all three viruses. We took advantage of a set of 21 MAbs raised against TBE virus strain Neudoerfl that recognize distinct epitopes on the major envelope protein E and have been used extensively to characterize this protein (Mandl et al., 1989a; Holzmann et al., 1995) . The results of this analysis (Fig. 2 ) indicated no differences in the antigenic structures of virus strains 263 and Neudoerfl detectable by these MAbs. Strain Hypr also exhibited a very similar MAb reactivity pattern (Fig.  2) with the exception of three MAb-defined epitopes (A4, B5, i3). As shown previously, loss of reactivities with these three MAbs can be caused by a single amino acid mutation (Holzmann et al., 1989 (Heinz & Kunz, 1981; .
Plaque morphology, temperature and pH sensitivities
Attenuation of viruses is frequently associated with altered growth properties in cell culture. In order to characterize more thoroughly the biological differences between the attentuated strain 263, the more virulent strain Hypr and prototype strain Neudoerfl, we compared their plaque forming abilities at 37 °C and 40 °C. Consistent with previous data (Kopezk3~ et al., 1991) the results as summarized in Table 1 indicate significant temperature sensitivity for strain 263, which produces 1000 times fewer and smaller plaques at 40 °C than at 37 °C. In contrast, no differences between strains Neudoerfl and Hypr were revealed by these experiments, and plaque morphologies at 37 °C were indistinguishable for all three strains.
One possible mechanism for the attenuation of flaviviruses is related to an alteration of the virion's requirement for acidic pH for fusion activity (Rey et al., 1995) . However, determination of the pH thresholds of the E protein's transition from its native into its acid-pH conformation revealed no differences (Table 1) : the threshold pH was approximately 6"5 for all three virus strains. This result is in agreement with the previously reported threshold value for TBE virus (Allison et al., 1995) .
Genome sequences
The genomic sequences of TBE virus strains 263 and Hypr-with the exception of their 3' NCR sequences which had been analysed previously (Mandl et al., 1991b; Wallner et al., 1995) -were determined as described in Methods and deposited in GenBank under accession numbers U27491 (strain 263, complete genome) and U39292 (strain Hypr, complete genome). Comparisons of the derived sequences from their 5' termini to the stop codon terminating the long ORF revealed 251 and 287 nucleotide differences between strain Neudoerfl and strains 263 and Hypr, respectively. These correspond to sequence identities of 97'6 % and 97.2%, respectively. The sequence identity between strains 263 and Hypr is 97.4 %. These values confirm that the three viruses are indeed closely related strains of Western subtype TBE virus. The nucleotide differences appear to be randomly distributed throughout the genomes of both strains, rather than clustering within particular regions (not shown).
Only 36 and 42 of the nucleotide differences in strains 263 and Hypr, respectively, cause changes at the amino acid level. Table 2 lists all the amino acid differences when strains 263 and Hypr are compared with strain Neudoerfl separately for each of the viral proteins and also includes the percentage sequence identity data calculated for each individual protein and the entire polyprotein. The data illustrate that the highest sequence variability is exhibited by the small non-structural protein NS2A, consistent with previous sequence comparisons among flaviviruses (Chambers et al., 1990) .
Inspection of the results listed in Table 2 reveals that most of the amino acid differences between the three strains are conservative. At 16 positions the sequences of strains 263 and Hypr differed from that of strain Neudoerfl, but were identical with each other. Thus, only 12 amino acids for each of the two strains represent unique non-conservative differences. These amino acids are particularly interesting with respect to their possible role as determinants of virulence and they are therefore emphasized in the Table. Moreover, some of these amino acid differences (additionally marked in Table 2 ) involve residues which sequence comparisons reveal to be highly * a, Non-conservative amino acid difference, unique to strain 263 or strain Hypr, respectively. The following amino acid differences were considered to be conservative: Arg = Lys; Ser = Thr; Asp = Glu; Asn= Gln; Ala = Val; Ile = Leu = Met = Phe = Val. b, Amino acid difference at a position significantly conserved among flavivirus sequences.
conserved among flaviviruses and which therefore are more likely to be of structural or functional importance. Further evidence for the role of particular sequence differences in determining the antigenic and pathogenic properties of TBE virus is discussed in more detail below.
Discus~on
In this paper we report the entire genomic sequences of two strains of TBE virus that are closely related to the Western subtype prototypic strain Neudoerfl, but which differ significantly from the prototype strain with respect to their neuroinvasiveness in mice. The identification of molecular determinants of virulence and pathogenicity is a major goal of recent molecular research on flaviviruses and other virus families as well. Many of these studies have indicated that attenuation of viruses can be caused by a variety of mechanisms. For instance, mutations in non-coding regions may disturb viral translation and/or replication and thereby cause attenuation. This has been well established, for example in picornaviruses, but there is also recent evidence that deletions in the 5' NCRs and 3' NCRs of the flavivirus dengue virus type 4 can cause attenuation (Lai et al., 1992; Cahour et al., 1995) . In the TBE virus strains investigated in this study there are only a few point mutations within the 5' NCRs and these generally affect positions not highly conserved in other tick-borne flaviviruses, suggesting no involvement of this region in the expression of the observed phenotypes. As reported previously, the Y NCRs of strains Neudoerfl and 263 are significantly longer than that of strain Hypr because these strains contain additional sequence elements including direct repeat sequences and an internal homoadenosine tract between the stop codon and the 3'-terminal conserved 'core element' of the 3' NCR (Wallner et al., 1995) . The possible importance of differences in length or of specific sequence elements within the 3' NCRs for the virulence of TBE virus is currently being investigated.
Among the flaviviral proteins encoded within the long ORF, much scientific effort has focussed on the large envelope protein E and a considerable amount of evidence for the importance of this protein in attenuation of flaviviruses has been collected. Gritsun et al. (1995) identified by extensive sequence comparisons clusters of amino acids carrying determinants for viral tropism and virulence. In the same study, an E protein amino acid sequence of TBE virus strain Hypr was presented which, however, exhibited only two of the six amino acid differences revealed in this study and one additional difference not identified in our isolate. This discrepancy is most likely to be explained by the fact that strain Hypr has been passaged numerous times in different laboratories since its isolation in 1953.
As revealed by the three-dimensional structure of the TBE virus E protein elucidated recently, mutations affecting virulence identified within the E proteins of various flaviviruses are clustered within three regions (Rey et al., 1995) . In particular, mutations located around the lateral surface of domain III, which has been proposed to function in the recognition of a so far unidentified cellular receptor, were shown by a number of researchers to affect virulence Lobigs et al., 1990; Cecilia & Gould, 1991 ; Jiang et al., 1993; Gao et aL, 1994) . In the cases of the TBE virus strains now analysed, there is one non-conservative amino acid difference (His 39° --, Tyr) in the more virulent strain Hypr. Inspection of the three-dimensional structure reveals that this particular amino acid is located on the lateral surface of protein E domain III and that its side-chain is in close proximity to other amino acids believed to be important determinants of virulence, such as Tyr 384 , Asp a°8 and Thr al° (Jiang et al., 1993; Gao et al., 1994) , and the RGD loop of Murray Valley encephalitis virus (Lobigs et al., 1990; Rey et al., 1995) .
Amino acid differences at positions 52 and 55 in strains 263 and Hypr, respectively, lie within another cluster, thought to involve a possible hinge region that may be important for acquiring the acid-induced fusogenic conformation of protein E (Rey et al., 1995) . In particular, mutations at amino acid 52 which may affect virulence were identified in several yellow fever vaccine strains (Jennings et al., 1993; dos Santos et al., 1995) and in attenuated MAb escape mutants of the Kamiyama 2 strain of JE virus (Hasegawa et al., 1992) . However, a serine in place of an asparagine at position 52 as found in strain 263 is also found in the sequences of several other tick-borne flaviviruses . Therefore, involvement of Ser 52 in the attenuation of strain 263 is rather questionable.
Finally, we propose that the non-conservative mutation observed within the E protein of strain Hypr (Gln 2a3 ~Arg) does not affect virulence, but is responsible for the failure of this strain to react with specific MAbs as determined in this study. This is based on the observation that introduction of the same mutation (Gin--* Arg; unpublished) or a related mutation (Gln~Lys; Mandl et al., 1989a) into the E protein of TBE virus strain Neudoerfl leads to a MAb reactivity pattern (Holzmann et al., 1989 identical to that observed for strain Hypr, but does not affect virulence .
There is experimental evidence that alterations in the glycosylation pattern of proteins prM, E and NS1 as well as mutations affecting protease cleavage sites can influence the virulence of flaviviruses (Lai et al., 1992; Kawano et al., 1993; Pletnev et al., 1993) . The sequences of strains Hypr and 263, however, exhibit no amino acid differences that would obviously change the glycosylation pattern or any of the known polyprotein cleavage sites. Several reports provided indirect evidence that mutations within non-structural proteins can also determine the virulence properties of flaviviruses (Nitayaphan et al., 1990; Blok et al., 1992; Jennings et al., 1993; Kawano et al., 1993; McMinn et al., 1995b; Ni et al., 1995) . Comparisons of available sequence data from these studies with amino acid differences identified within the non-structural proteins of the TBE virus strains discussed here revealed no mutations at corresponding positions.
Some of the non-conservative amino acid differences within non-structural proteins identified in this study are located at positions that share a high degree of conservation among different flaviviruses and thus may be of biological relevance. These differences (also marked separately in Table 2 ) are located at positions 73 and 580 of the NS3 protein, position 36 of the NS4A protein, and positions 453 and 836 of the NS5 protein. The NS3 and NS5 residues can be speculated to influence these proteins' functional activities as protease/helicase and polymerase, respectively. In particular, amino acid 73 of the NS3 protein is in close proximity to the catalytic amino acid Asp TM (Chambers et al., 1990) and is located within a significantly conserved sequence environment. The NS5 proteins of several yellow fever vaccine strains exhibit a non-conservative amino acid difference at a position homologous to position 833 of TBE virus (Hahn et al., 1987; dos Santos et al., 1995) , i.e. only three residues away from the Asp s36 ~ Asn mutation present in the strain 263 sequence. Finally, although the functional activity of NS4A is at present unknown, it should be emphasized that Gly 3n which is changed into an Arg residue in the strain Hypr sequence, represents an almost absolutely conserved amino acid among flaviviruses within this otherwise rather variable protein sequence.
Thus, our study has identified a relatively small number of specific amino acids that may at least in part be responsible for the different phenotypes observed for the two TBE virus strains 263 and Hypr. With the infectious cDNA clone technology which is now available for TBE virus it will be possible to test the biological relevance of individual sequence differences or the combined effect of several of these differences together. The knowledge thus provided will contribute toward the rational construction of stably attenuated flavivirus strains that may be possible candidates for novel live virus vaccines.
